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Summary

The work described in fhis status report covers the period
September 1, 1966 to February 28, 1967. Research carried out during the
period March 1, 1966 to August 31, 1966 has been covered in the semi-
annual status report issued for this period anq in a separate report
entitled The Internal Compton Effect issued on August 10, 1966.

The research reported here is divided into three sections:

1. Silicon and germanium lithium drifting apparatus.

2. Computer program for gamma ray_photopeak fitting.

3. Determination of response of large volume silicon

detectors.



Silicon Lithium Drifting Apparatus

In a paper ﬁublished by us1 on fabrication of lithium drifted
silicon detectors, little mention was made of the actual drift process and
assoclated equipment. More attention was paid‘to procedures before and
after the drift which appeared to be of cohsiderﬁbly more importance for
successful fabrication of 1lithium drifted silicon detectors. At that time
two'drifting controllers were being u;ed, one designéd by Miller, et gl,z
and the other by Goulding and Hansen.3 However, drifting with these
controllers has lead to some difficulties which have been encountered as
more detectors have been fabricated.

The controller designed by Miller, et al, pulses the voltage applied
to the diode and is couple& with an immersion heater so that the drift
proceeds at constant power. Miller points out that, initially, the current
through the diode is quite low so that the power dissipated by the diode is
small and usually not as high as the drift power desired. Consequently, the
heater is used to increase the temperature of the bath until the desired
drift power is achieved. As the drift continues, more power is dissipated
by the diode and less heater power is required. A fluorocarbon (FC-43) bath
with a boiling point of 170°C carries away heat at a sufficiently high rate
that, along with the voltage pulsing nepwork, thermal runaway does not occur.
Unfortunately, particularly at early stages of the drift, the drift témperature
of the diode may be considerably in excess of 170°C, even with very modest
drift power.

The lithium drift process is, in principle, quite simple. The silicon
is heated, after lithium diffusion into one facé, and a reverse bias is applied.

The 1ithium ions become quite mobile at elevated temperatures and can drift



readily through the silicon under the influence of the electric field. During
the drift, the lithium ions find themselves passing nea; enough in sﬁace to
the boron impurity dopant atoms that they are attracted by the Coulomb field
and move into interstitial compensating sites. Unless the temperature becomes
too high, these ions will not move out qf the compensating sites.

Two problems can arise. If the temperature is too high, the
lithium may be unable to stay in the compensating sites, move away, and the
drift will not accomplish its purpose. Even below this temperature, the
number of thermally generated charge carriers within the silicon increases
with temperature. These carriers can mask the Coulomb field of the impurity
atoms and prevent the lithium ions from reaching the compensating sites.

The temperature where this prevents exact compensation is a function of the
resistivity of the starting material and is not easily established theoretically.
An experimental study of this effect is now under way.

The Goulding-Hansen drifter uses a power transistor as a heating
element and the drift is carried out in air. A drifter of this type was
constructed, but it was found difficult to maintain drift temperatures over
110°C. Furthermore, a rather high quality selection process for the power
transistor heater was required. The secondary breakdown voltage for a
transistor does have some temperature dependence and none of the power
transistors lasted more than two weeks in operation. Finally, the low drift
temperature unreasonably increased the drift time for devices having depths
greafer than 2 or 3 mm.

Three parameters determine the drift, the drift voltage, the temperature
of the drift and the drift current. Only two of these can be fixed; the third
must be free. At first thought it would appear to be best to fix the voltage

and the drift temperature since these two parameters determine the drift rate.



However, if the current is not controlled, runaway can occur producing
improper compensation and if the drift reaches the other face of the wafer
before the drift is stopped, the current will increase rapidly, the drift
will continue, and overcompensation will occur. Moreover, bath temperature
is not the temperature of the diode junction and may lag considerably behind
Jjunction temperature so that the drift time cannot be accurately predicted.
Control of the drift current and temperature leaves the drift voltage free
to vary over a very wide range and makes drift rates completely unpredictable.
Control of the drift voltage and current has proved to be the most reliable
method. In actual practice, the.temperature is usually constant to within a
few degrees and the current can be changed tc maintain further this temperature
stability. The drift controller which will be described has several other
important features. Not only is the current controlled but curreﬂt limiting
is employed so that thermal runaway is impossible. As the drift reaches the
other face of the wafer, the current starts to increase, but this increase
causes a reduction of the bath temperature and the drift current remains quite
constant as the bath is cooled to room temperature. The time for this cooling
is several hours and the completion of the drift is determined by routine
checks of the apparatus. The problem of overcompensation by continued high
temperature drift is thus solved. Furthermore, in the apparatus described,
the bath temperature never exceeds 150°C, and is easily kept below this
temperature.

The circuit diagrams for the silicon drifting apparaths are shown on
pages 7-12. The heater element consists of 12 ft. of #16 Kanthal wire
wrapped in a tight spiral as shown in Fig. 1. The total resistance of this

wire is 3.9 ohms. Four power supplies are needed: the DC logic circuitry
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uses +16 and -24 volt power supplies; the heater is supplied‘from a 13 volt,
3.5 amp supply; the drift voltage is maintained at 200 volts with current
limiting at 35 ma. These power supplies are shown in schematic drawings on
pages 7 to 9. Only the heater supply is not regulated; the other supplies
use conventional series regulation.

Transistors T14 and T15 comprise the current limiting section of
the 200 volt supply. The supply is ungrounded up to the input of this
section and only grounded at the output. The'cufrent limiting action is
achieved by starving the pass transistor Tl4 of base drive current when the
maximum current is reached. 1In this case, at 35 ma, the voltage drop across
the 200 ohm resistor between the base and emitter of T15 becomes sufficiently
large to turn T15 on. Current fhrough the 15K resistor is then diverted
through T15 instead of supplying base drive for T14 and the output current
does not exceed 35 ma. The output impedance of the supply increases from
the normal value of 200 ohms to more than 10K ohms in the current limiting
region.

The basic control unit is shown on page 11. A DC differential
comparator consisting of transistors Tl and T2 is switched whenever current
stops flowing in one of the 1N4005 diodes and begins flowing in the other
diode. The crossover point occurs when the diode drift current‘equals the
current in the current demand switch resistor. The driver stages, T3 and
T4, provide power gain for T8 which has as its load the Kanthal heater.

The collector of T4 also drives T5 and T6 which are lamp drivers indicating
whether the heater is on or off. The 4 volt lamps are shﬁnted by 6 volt Zener
diodes which conduct if the lamps burn out. Additional visual indication that

the temperature has dropped below 100°C is provided using the circuit shown on



page 12. A thermistor is used to indicate this state turning on a lamp when
the temperature falls below 100°C.

As shown in Fig. 1, the power transistor ?8 is mounted near the drift
bath to minimize power loss in the wires to the heating element. The entire
apparatus is contained within a battery jar and loss of FC-43 to the atmosphere
is reduced by a Viton gasket seal between the jar and top plate. Details of
the holder showing the arrangement of the thermistor are shown in Fig. 2
Thermal insulation of the jar has not been found necessary, but can be used
to provide temperatures approximately 20°C higher.

The operation of this drifter ié nearly automatic. At various times
during the drift, it is usually necessary to increase the current in order to
maintain a desired drift bath temperature, but this is the only adjustment
possible. The drift is stopped quite satisfactorily at breakthrough and

overcompensation of the silicon does not occur.
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Figure 1.

13

Lithium drifting apparatus showing arrangement of jar, power

transistor and thermocouple lead.






Figure 2.

15

Diode holder for lithium drifting apparatus showing mounting of

silicon diode and position of thermistor.
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Germanium Drifting Apparatus

Germanium drifting requires a simpler apparatus than silicon
drifting. The drift is never carried to completion, i.e., to the point that
breakthrough occurs. Rather the drift is stopped at various times, the
depletion depth is checked and the drift continued until the desired thickness
is obtained. As a result a very simple power supply is used with current
limiting achieved by the uée of 100 watt light bulbs in series and parallel.

Thé circuit is shown in Fig. 3. Three 90 volt, 3}5'amp transformers
available from John Meshna, Allerton, Mass., are stacked in series to that =
maximum of 270 volts is available. The autotransformer at the input is used
to adjust the output voltage, and a bridge rectifier and capacitor provide
adequate filtering. Light bulbs have proved to be effective current limiters.
The voltage drop across the bulbs is current dependent so that at low currents,
most of the voltage is applied to the load. Selection of the voltage and
light bulbs permits current limiting at any current up to 2 amperes.

In drifting, the drift temperature is selected by selecting different
fluorocarbon baths. Usually the diode will <rift at a relatively high power
and the temperature will be the boiling point of the bath. Where the diode
does not heat the bath sufficiently to reach this point, a hot plate is used
to provide supplemental heating. In general, however, such supplemental

heating is only required in tihe initial stages of the drift.



Figure 3.

18

Germanium lithium drift apparatus DC power control unit.
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2. Computer Program for Determining the Energy of Gamma Rays with Ge(Li)

Detectors.

The following report describes in detail a computer program
suitable for the analysis of gamma ray spectra recorded with high resolution

Ge(Li) detectors.
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ABSTRACT

This computer program has been written to aid in the analysis of
gamma-ray spectra measured with lithium-drifted germanium detectors. The
program determines the position, height, full-width at half-maximum, and area
of the photopeaks and the parameters of a linear equation representing the
spectral distribution underlying the photopeaks. The program can analyze
complex peaks containing as many as five components. Estimates of the standard
deviations of all the parameters are computed. The results of the program
are used to determine the energies and intensities of the gamma rays. The
program contains provisions for both energy calibration and determination.
From the positions of the photopeaks of accurately known energy, a second-
degree equation relating the photopeak energy to position is calculated by
least-squares. Estimates of the standard deviations of all computed quantites

are available.
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I -~ INTRODUCTION

The program GRPPFP (gamma-ray photopeak fitting program) has been
developed for use in the analysis of gamma-ray spectra obtained with Ge(Li)
detectors. The program determines the parameters of a Gaussian which provides
the best least-squares fit to the data of a photopeak associated with a single
gamma ray. Complex photopeaks consisting of up to five components are reduced
to individual photopeaks and estimates are made for the standard deviations of
the computed parameters. The method presented here is very similar to that

1-3

developed by R. L. Heath, et al. -

The photopeaks are represented by a Gaussian of the form

y (x) = A [-41n 2 (x—u )3 /uP ]

The parameters w , the full-width in channels at half-maximum, u , the
position of the center of the photopeak in channels, and A , the height of
the photopeak, are calculated using a conventional nonlinear least-squares

fitting procedure.4 The parameters are determined by minimizing the quantity

® =5 v (y —yi)3

where yi is the experimental datum for the i-th channel, w is the weight

i
associated with yi, ;i is the calculated datum and the summation is over
all the data points in the fit.

In order to meet various experimental needs, several options are

available. The options presently available include:
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1, Choice of weighting functions.

2. Channels to be used in the fit.

3. Number of photopeaks to which the
fit is to be made.

4, Determination of energy calibration
parameters.

5. Determination of photopeak energies.

Future plans call for the addition of options to fit the photopéaks in spectra
obtained by scintillation spectfometry, to calculate relative intensity

ratios and to provide a graphic record of the fitting results with a CalComp

565 precision plotter.

II - THE NONLINEAR LEAST-SQUARES METHOD

1. Basic Eggggg-gg_sgg Method. The purpose of a least-squares fit is to

find the values of the parameters 3 which minimize the function
- —>
= - 2
£ = Zi w, [yi vy @7P . (1)

A necessary and sufficient condition for S to be a minimum as a function

of a is that
(3/32) £ =0 . (2)

If ;i is a linear function of ; , equation (2) can be solved explicitly
for 3 . In the nonliﬁear case, no such solution exists and some method of
approximate linearization must be used.
‘ 4

One such method is that due to Gauss. It consists in linearizing

the function with respect to 3 through the use of a truncated Taylor series.
- -,

If ao is an initial estimate of ¢« , then

Yy () = Yy (ao) + (a/aao) Yy (ao) . 6010 (3)
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and

o _> ~ - - - —> L )2
e o Z, % [yi vy (ao) (a/aao) Yy (o:o) 60:0]2 . (4)
The parameters 630 are then computed from the condition
[3/3 (62 )] £=0 . (5)

Since the higher order terms have been neglected in equation (3), this is

only an approximate solution of equation (2). Therefore, equation (5) is
- - -

solved again with ao replaced by ao + éao . The iterative process is

continued until some predetermined convergence condition for 630 is

satisfied.

A complete exposition of this method may be found in reference 4.

2. Nonlinear Least-Squares Fit to_a Channel-Integrated Gaussian. In this

program, it is desired to fit the experimental data to the equation

;’i = zj AJ I:iti;i exp [-41n2(x-pj)3/w3] dx + B(xi-xl) +C (6)
The subscript Jj identifies the Gaussian (j<5), and B and C are the
parameters of the linear background. All photopeaks are assumed to have the
same full-width. With multichannel analyzers of a moderate number of channels,
e.g. 400 or 512 channels, and Ge(Li) detectors, the energy resolution of the
analyzer can be an appreciable fraction of the detector resolution. A good
fit to the data by integration across the channel width. This modification
of the normal procedure adds only a few statements to the computer program.

Substituting equation (6) into equation (3), the linearized function

is, for J photopeaks, given by
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— > J
= + 6C + - 2
vy =Yy (ao) 6 (xi xl) 8B + (81n2/w) ZJ.=1 AJ. Iij ow

J J -0
+ (8n2/w) £ A I1* 6§  +5 1I.°A, (7)
(81n J=1 j i3 " J=1 "1ij " J

where

" x1+1/2

Iij = fxi-l/z [(x-pj)/w] exp [-41n2 (x-pj)a/hﬁ] dx (8)

and

ao = (C1 B, w, My pz,..., pJ, Al' Az"'°’AJ)
Defining the matrix A and the vector B as
- e - —
Aij =ZI, 0 [(a/aai) Yy (ao)] [(a/aaj) Yie (ao)] , (9)
B, =Z, w [yk-yk (ao)] (albai) Y (ao) , (10)
the solution to equation (3) can be written as
- -1
¢ =A B . (11}

o

The solution for 630 is iterated until the convergence criterion is

satisfied.

3. Calculated Quantities. After the final values of the parameters have been

determined, the estimated variances anc covariances are calculated according

to

var (a,) = [S_23/(n-m)] A;i (12)

and

1

13)
J

covar (ai,aJ) = covar (aj,ai) = [Smii/(n-m)] Ay
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where sm£; is the value of S for the final parameters, A_1 is the

matrix inverse to A <for the iteration during which convergence occurred,

n is the number of data points considered, and m is the number of parameters
determined. Equations (12) and (13) only give estimates of the true variances
and covariances since it is not strictly true that Smii is chi~squared
distributed with (n-m) degrees of freedom,5 However, they provide

estimates of these quantities, and Smii/(n-m) is a qualitative indication of
the goodness of the fit.

The photopeak areas and the variances are determined from the

following equations:

a; = :-21- Y n/1n2 c.v.»‘\;i (14)
and
var (aJ) = (w/41n2) [N; var (@) + o var (Aj) (15)

+ 2w AJ covar (w’AJ)]

III - DESCRIPTION OF THE PROGRAM

1. §§E§£§l_gf§35193192' The program consists of the main program, i.e.
GRPPFP, and three external subroutines: GAUSS,lENERGY, and MATEQU. The
program is under the control of GRPPFP. 1Its responsibilities are to read and
check the data cards, calculate the weights to be used, save the parameters
needed for energy calibration and call the various subroutines in proper
sequence. Subroutine GAUSS performs the nonlinear least-squares fit described

in II.2 above. ENERGY carries out the energy calibration and determination.

Subroutine MATEQU is a matrix inversion subroutine used for solving the matrix
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equation Ax = 3 . A listing of the source language (FORTRAN IV) code for

the entire program may be found in Appendix I.

2. The Main Program -~ GRPPFP. The primary function of GRPPFP is that of
control since it calculates no quantities other than the weights and various
control parameters. The data deck for the program may be quite long and
complex, and errors in the order of the cards are probable. For this reason,
the program checks the order of the data cards as it reads them by checking
to see if they begin with the proper mnemonic name, e.g. SPC, DPC, etc.
These functions are handled in cards 28 through 83. If the expected data
card is not found, an appropriate error message is printed, fitting of the
current spectrum is terminated and the program attempts to find the data for
the next spectrum to be analyzed.

After the data cards for the current spectral fit and the photopeaks
in that fit have been read, the weights are calculated for the channels used

in the fit in cards 89 to 100. There are three weighting options that may be

used:

1. =1

wy = /y,

. =1
2 wi
3 (1/ £ <

' Ymin *°F Vi < Ynin

= <
® l/yi for ymin < yi = ymax
Lf/ymax for ymax,< yi

The weighting option is local to each fit. Following the calculation of the
weighting data, the values of the control and initial fitting parameters are

printed.
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Following the calculation of the parameters by GAUSS, if energy
calibration is to be performed for the current spectrum, the names of the
isotopes and the photopeak positions and energies along with their standard
deviations are saved in EDATA for use by the subroutine ENERGY. Control is
transferred to card 61 and the next fit in the spectrum is begun. Upon
encountering an end-of-spectrum (ENDSPC) card, the energy calibration is
performed and the program begins on the next spectrum. If any errors occur
during any fit of a spectrum, the energy calibration option will be overridden

for that spectrum, i.e. no energy calibration will be performed.

3. Subroutine GAUSS. The function of this subroutine is to perform the
nonlinear least-squares fit of the sum of channel-integrated Gaussians and the
linear background to the data using the weights generated in GRPPFP. The
least-squares procedure employed makes use of a design matrix and an observation
vector as described by Archer et gloe The iterations of the fit begin with

card 44. The elements of the design matrix and observation vector are
calculated through card 59 and from these the matrix A and the vector B ;
given by equations (9) and 10), are determined. After b 1is found, the

new value of ao is compared with the upper and lower limits imposed on the
various parameters. These limits are necessary to insure that the final

values of the parameters are physically reasonable. If either the upper or
lower limit criterion is not satisfied, the parameter is set equal to the
appropriate 1imit and a diagnostic message is printed. The value of 630 ‘is
also compared with the convergence liﬁits.and if all these criteria are

satisfied, control is transferred to card 102. If the maximum number of

iterations has been taken without convergence, an error message and the
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current values of ao and 6;0 are printed, the fit is terminated and
control is returned to GRPPFP. However, the pfogram does not restore to the
next spectrum, but continues fitting in the current spectrum.

In cards 102 through 130, the goodness-of-fit parameter, the
photopeak areas and the standard deviations of all the parameters are calculated,
and a summary of the results of the Eit is printed. Control is returned to
the main program unless a more complete printout is desired in which case a
complete channel listing of the input data and the calculated data is
provided.

The internal function GSQUAD (cards 203 to 213) calculates the value
of the integral Ik (see equation 8) by a five point Legendre-Gauss

iJ

7
procedure.

4. Subroutine ENERGY. This subroutine performs a linear least-squares fit

of the photopeak energies and positions to the equation

= 2 1
Ei a + bxi + cxi (16)

where Ei is the energy of the i-th photopeak in keV and x the associated

i

photopeak position in channels. Using the normal weighting procedure, i.e.

W, = 1/°f? , where ci? is the variance of Ei , is an improper approach
i i

since it implies that x is known precisely. A better estimate of the

i
weight to be associated with Ei is given by

w, = 1/(0Ei + boxi)a (17)

where cx? is the variance of xi . The initial estimate of b 1is found from
i
the two extreme calibration photapeaks in card 19 and the fit is iterated twice,
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the value of b from the first iteration being used to calculate better
estimates of the weights for the second iteration.

After the second iteration of the fit, the values of the goodness of
fit indicator and the standard deviations of the energy parameters are cal-
culated in cards 49 to 59, and these parameters are then printed. Cards 63
through 73 compare the calculated values of the energies with the accepted
values and print out the results of the comparison. Cards 78 through 85

determine the energy of the unknown photopeaks.

5.1 Subroutine MATEQQ. Given the elements of the matrix A and the vector

3 , this subroutine determines the vector x , where AX =‘3 , and the

inverse matrix A-’1 . The method used is the Gauss-Jordan elimination

procedure modified for maximum pivot element selection.,8 This method was

chosen in spite of its greater complexity because of the accuracy it affords.
The matrix equation Ax = 3 where A 1is an n-dimensional square

- -
matrix and b and Xx are n-dimensional vectors may be represented as a set

of n equations relating n unknowns:

+ v =
211%1 * 212% MR T LY
a21x1 + azzxz + coco aann = b2
PR 4 = . 1
anlxl + an2x2 + annxn bn (18

1 th
The regular Gauss elimination procedure 0 consists of n steps: in the k
step, the kth equation is solved for xk and the result used to eliminate

xk from all the succeeding equations. After n such eliminations, the

coefficient array has been reduced to upper triangular form. The solution
is completed by working backward from the last equation to obtain successively

X , X

soo0y X °
n n-1’ ’

1
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In the Gauss-Jordan methodll, the kth equation is used in the kth

step to eliminate x from the preceding equations as well as the following

k
ones. The resultant coefficient array is diagonal and no back substitution
is necessary to obtain the solution vector x. In the kth step, the
th
element akk is called the pivot element and the k row the pivot row.

If the array A 1s written as an augmented array of n rows and
n + 1 columns by appending the veétor b to the original array of
coefficients, the Gauss-Jordan algorithm may be written as:
for k=1, 2, ..., n

for i =1, 2, . ., ., k-1, k+1, ..., n

for j=1, 2, ..., n, n+l

83 T %P1y T %1y

where k designates the pivot row, i is the row being reduced and j is
the element being reduced. This algorithm has two serious deficiencies:
(1) Since the elements are computed by multiplication, the numbers may rapidly
exceed the 1limits of the computer either by becoming too large or too small.
(2) The assumption, implicitly made above, that the pivot element is non-zero
is not always valid. After the first reduction, the available pivot elements
are not the original elements and it is entirely possible that some of these
may vanish.

The scaling difficulties can be remedied by dividing the pivot row
by its diagonal element, i.e. the pivot element, before reducing the other
rows. The algorithm is then

for k=1, 2, ..., n
for i=1, 2, ..., k-1, k+1, ..., n
for j=1,2, ..., n,n1l

813 = %15 T %1x®ky

.
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Division as performed by & computer is an approximate process since
the continuing digits of the quotient are truncated. This round-off error
may be minimized in the reduction process by selecting at each step that
element with the greatest magnitude for use as the pivot element. This
will also eliminate the gsecond difficulty mentioned above. The resulting
matrix will not be diagonal, but will have only one unit element in any row
or célumn. The algorithm must designate the rows and columns that have been
used in the reduction process since once a row or column has been selected,
it cannot again be used. After completion of the elimination process, the
rows must be reordered so that the solution vector will appear in normal
form. If at any point in the elimination all the available pivot elements

are zero, the set of equations is singular and no solution exists.

- - -l o
The inverse of the transformation Ax = b is given by A "'b = x
which may be represented as
‘Kubl +'2(21b2 + oo +'xn1bn = x,
~ ~
K by +'Xzzb2 + +K& b = x,
A1nP1 +12nb2 A +‘xnnbn = *n (19)

where ‘xid is the reduced cofactor of a .9 It follows that the kth

13
column of Afl is the solution of the original equations obtained by setting
bk equal to unity and all other b's equal to zero. The array A-l may
thus be determined by n applications of the Gauss-Jordan reduction with
appropriate choices for the vector 3 . However, once an element of the

coefficient array has been used as a pivot element, the elements in the

column containing that element vanish and are not modified in any subsequent
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reductions. Therefore the columns of the inverse array may be calculated
simultaneously with the solution vector by replacing the pivot column
elements with the appropriate vector 3 before reduction. Since the pivot
elements are not necessarily diagonal elements, the columns must be reordered

to obtain the proper inverse matrix,

5.2 Description of the Source Language Code. Two linear arrays are used in
the program to keep track of the order of inclusion of the rows and columns
in the reduction process. They are initially set equal to the integers in
their natural order. During reduction, the number of the first pivot row
will be stored as the first element of the row array and, similarly, the
number of the first pivot column will be stored as the first element of the
column array. The numbers of the second pivot row and column will be stored
in the second elements of the arrays, etc. After completion of the kth
step of the reduction, the first k elements of these arrays will be the
numbers of the pivot rows and columns already used in the order of their
use and the remaining n-k elements will be the numbers of the rows and
columns which are still available for use.

The arguments of the subroutine are A, B, IDIM, X, AINV, IFLAG, and
NDIM where A 1is the array of coefficients, B the vector on the right side
of the matrix equation, X is the solution vector, AINV is the inverse
matrix of A , IFLAG is an error indicator, and NDIM gives dimensioning
information from the calling program, i.e. it is necessary that A and
AINV are dimensioned to be NDIM-by-NDIM square arrays and that B and X

are NDIM-dimensional linear arrays in the calling program. The results of

the subroutine are returned to the calling program through X and AINV.
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Since the original elements of A and B are modified during the reduction
process, they are saved by transferring them immediately into AINV and X in
cards 20 through 26 and performing all operations on these latter arrays.
This section also initializes the auxiliary row and column arrays, M and

N respectively.

Cards 32 through 42 search the elements of the coefficient array
which are available for use as pivot elements for the meximum element. Once
it is found, its coordinates are saved as KI and KJ . KM and KN are the
locations in the row and column arrays which contain KI and KJ respectively.
Cards 48 to 51 interchange the elements in the row and column arrays so that
KI and KJ occupy the Kth positions and the original Kth elements are
noved to the Kuth and KNth positions.

The pivot element is saved as PIV and according to the procedure for
determining the inverse matrix, the pivot element is then set equal to unity.
The absolute value of PIV is compared with COEFFl to check for matrix
singularities and for gross round-off errors. The following DO-loop scales
the pivot row and the corresponding element of the solution vector by the
pivot element.

Cards 67 to 78 reduce the other rows of the array as well as}the
elements of the solution vector. The element of the row being reduced which
is in the pivot column is saved as FAC and the original element is set to
zero as required for the computation of the elements of the inverse matrix.
After completion of the row reductions, control is returned to card 32 and
the next step in the reduction takes place.

In the reduction process, round-off errors can be annoying if not

fatal. Since all the digits carried by the computer are not significant, a
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reduced array element which should vanish may not do so. The purpose of cards
72 to 74 is to set array elements equal to zero which are less than a given
faction of the original element. This faction is determined by the number
of significant digits carried by the computer. This is a distinct advantage
over the method which simply compares the new element with some predetermined
constant, the value of which can only be properly determined if all the
elements of the matrix are known, an impossibility in this program.

After the DO-loop ending with card 78 has been satisfied, reduction
is completed and reordering of the rows and columns takes place. All the
information needed for the rearrangements is contained in the two auxiliary

t
arrays. In the K h stage of reduction, row MK was the pivot row and NK

th
K

unknown (see equations 18). In order that the NKth unknown be the N

was the pivot column, i.e. the Mxth equation was solved for the N

th
K

element of the solution vector X , row MK should be interchanged with

row NK' Reference to the discussion following equations (19) will show

that the elements in column NK are the elements of column MK of the inverse

matrix since the NKth column of the array was replaced by the column vector

Z where CMg Vvas equal to unity with all the other elements of Z equal to

zero. Thus column NK whould be interchanged with column MK . The

reordering may be summarized as follows:

Original Position Correct Position
Rows: MK NK
Columns: NK MK

Since the reordering is done entirely within the arrays AINV and X , the

procedure is complicated by the fact that a row or column may occupy several
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different positions in the array before completion of the rearrangement. The
auxiliary row and column arrays are altered as the reordering progresses to
keep track of the current positions of the rows and columns.

The redfdering is carried out in two steps. First the rows of the
augmented matrix are rearranged and then the columns of the inverse matrix
are reordered. The row rearrangements are made in cards 89 through 97.
Starting with K = 1 , the Kth element of the row array is compared‘With

th
the K element of the column array. If MK = NK , the Mxth row of the

augmented matrix is already in its proper place and no interchange of rows

is necessary. If the elements are unequal, the Mxth row is interchanged

t
with the NK h row of the augmented matrix. The actual interchange of

elements takes place in cards 48 to 54.
After the interchange has been effected, the row array is searched

forward from the Kth element until that element is found which equals Nk,

e.g. MI = NK . To correspond to the interchange of rows MK and NK ) MI

is replaced by MK . Due to the rearrangement, the NKth row of the

augmented matrix now contains the proper elements according to the considerations
discussed above and will be involved in no further interchanges. In order to

th
preserve the information needed for the column reordering, the K element of

the row array is repliaced not by M_ , but by the value of the subscript I.

1

Were it replaced by M, , after the row rearrangements were completed, the row

1

and column arrays would be identical and the proper column reordering could

not be made. By preserving the subscript of the position in the row array in

which the row array element equal to NK was found, the information that the
th

th
I element of the row array was interchanged with the K element is

preserved. This will prove sufficient to reorder the columns properly. When
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the DO-loop ending with card 107 is satisfied, the rows are in proper
order.

The column rearrangements begin with card 113. Starting with the
last element of the row array, the value of the Kth element is compared
with the value of its subscript. If they are equal, no rearrangement is
necessary. If "K is not equal to K , the NKth column is interchanged
with column NMK . To record th}s move, NMK is interchanged with NK .
This procedure is repeated for all the elements of the row array. The
overall result is that the column interchanges are just the row interchanges

performed in reverse order.

IV - DESCRIPTION OF THE INPUT DATA

1. Ordering of the Data Deck. The data cards are read and checked
for proper order by the main program. If the cards are found not to be in the
proper order, the program terminates fitting in the current spectrum and
attempts to find the data cards for the next spectrum after having printed

an error message. The order of the data cards is shownon page 44. A

printed listing of the data cards in a sample data deck is given in Appendix

II. A printout of the results of the program with this set of data is shown

in Appendix III.

2. Description of the Cards (SPC). This must be the first of the
data cards for each spectrum. The information on this card is global for

all fitting in the spectrum. However, if errors occur in any of the fits,

JENGY will be set equal to 1.




Card

Columns

1-3
11-16

21

39
Mnemonic
Name Format Meaning
"spc" A6 Mnemonic name checked by program
SPEC A6 Alphanumeric spectrum identifi-
cation label
JENGY 11 Energy calibration option:

2.2. Data Parameter Card (DPC).

0 - energy calibration to be
performed
1 - no energy calibration

One data parameter card must appear

for each segment of input spectral data and must be followed by at least one

Spectral Data Card.

Card
Columns

1-3
11-13

21-23

2.3. §gectra1 Data Cards.

Mnemonic
Name Format Meaning
"ppC" A6 Mnemonic name checked by program
ICH1 13 Channel number of first spectral
datum
ICH2 13 Channel number of last spectral

datum

These cards contain the spectral data

specified by the preceding Data Parameter Card. The cards are numbered

serially beginning with @1.

per card.

Card
Columns

1-2
11-20
21-30

o e 0

71-80

A maximum of seven channels of data is allowed

Mnemonic

Name Format Meaning

ICK 12 Serial number
DATAIN(1) F10.0 First spectral datum
DATAIN(2) F10.0 Second spectral datum
DATAIN(7) F10.0 Seventh spectral datum
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2.4. ENDATA Card. This card indicates to the program that all the

spectral data has been read. It contains the mnemonic "ENDATA" in card

columns 1 to 6 and is read under an A6 format specification.

2.5. EEEEEEQ_EEEEQEE§£-9§5§§_S§E§)° These are four cards containing
control information for the fit. There must be one set of FPC cards for each
fit. Note that they all have the same mnemonic name so that the program
checks to see that there are four FPC cards but does not check their order.

Card Mnemonic
Columns Name Format Meaning

First fitting parameter card:

1-3 "FPC" A6 Mnemonic name checked by program
11-13 NCH1 13 First channel of data to be used in
the fit
21-23 NCH2 I3 Last channel of data to be used in
the fit
31 ITRMAX I1 Maximum number of iterations to be
performed
41 JPRINT I1 Printout option:

0 - summary form only
1 - summary and channel listing forms

51 JWT 11 Weighting option:
0-w, =1,Y¥
i 1
- =1
1 wi
2 - l/YMZN if Yi < YMZN
wi = l/Yi if YMZN‘< Yi < YMAX
<Y
l/YMAx if YMAX {
61-70 YMIN F10.0 Used if JWT = 3
71-80 YMAX F10.0 Used if JWT = 3
Second fitting parameter card:
1-3 "FPC" A6 Mnemonic name checked by program
11-20 BKG(1) F10.0 Initial estimate for background
intercept parameter
21-30 BKGMIN(1) F10.0 Lower limit for background intercept

parameter
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Card Mnemonic
Columns Name Format Meaning
31-40 BKGMAX (1) F10.0 Upper limit for background
intercept parameter
41-50 BKGCON(1) F10.0 Convergence criterion for background

intercept parameter

Third fitting parameter card:

1-3 "Fpc" A6 Mnemonic name checked by program

11-20 BKG(2) F10.0 Initial estimate for background
slope parameter

21-30 BKGMIN(2) F10.0 Lower limit for background slope
parameter

31-40 BKGMAX (2) F10.0 Upper 1imit for background slope
parameter

41-50 BKGCON(2) F10.0 Convergence criterion for background

slope parameter

Fourth fitting parameter card:

1-3 "Fpc" A6 Mnemonic name checked by program

11-20 wg F10.0 Initial estimate for photopeak
width parameter

21-30 WOMIN F10.0 Lower 1imit for photopeak width
parameter

31-40 WOMAX F10.0 Upper limit for photopeak width
parameter

41-50 W@CON F10.0 Convergence criterion for photopeak

width parameter

2.6. Peak Parameter Cards_(PPC). These are three cards containing
control information for each peak in the fit. There must be one set of PPC
cards for each peak. Note that they all have the same mnemonic name so that
the program checks to see that there are three cards but does not check
their order.

Card Mnemonic
Columns Name Format Meaning

First peak parameter card:

1-3 "ppC" A6 Mnemonic name checked by program
11-16 ISTP A6 Alphanumeric isotope name
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Card Mnemonic
Columns Name Format Meaning
21 ITYPE I1 Photopeak type indicator:

1 - calibration photopeak

2 - uncalibrated photopeak

3 - other
31-40 ENGY (1) F10.0 Accepted energy of photopesak
41-50 ENGY(2) F10.0 Standard deviation of the accepted

Second peak parameter card:

1-3
11-20

21-30

31-40

41-50

"PPC "
Xg

XPMIN
XgMAX

X@CON

A6
F10.0

F10.0

F10.0

F10.0

Third peak parameter card:

1-3
11-20

21-30

31-40

41-50

"Pm L
Ag

AGMIN
APMAX

AJCON

2.7. ENDFIT Card.

A6
Fl10.0

F10.0

F10.0

F10.0

photopeak energy for ITYPE photo-
peaks

Mnemonic name checked by program
Initial estimate for photopeak
center parameter

Lower 1limit for photopeak center
parameter

Upper limit for photopeak center
parameter

Convergence criterion for photopeak
center parameter

Mnemonic name checked by program
Initial estimate for photopeak
height parameter

Lower limit for photopeak height
parameter

Upper limit for photopeak height
parameter

Convergence criterion for photopeak
height parameter

This card signals the end of data for the current

fit. Upon encountering this card, the program stops reading the data deck

and performs the fit, and if the fit is completed normally, begins reading

data for the next fit.

2.8. ENDSPC Card.

current spectrum.

This card indicates the end of data for the

Upon encountering this card, the program does the energy
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calibration and determination if JENGY = # and then begins reading data for

the next spectrum.

2,9. ENDPRB Card. This card indicates the end of the data deck

and must be the last card of the deck.
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3. Testing of Large Volume Silicon Detectors.

Dﬁring the period covered by this report, further experiments were
conducted testing the response of very large volume lithium drifted silicon
detectors to high energy protons. Two detectors were constructed; one of them
had dimensions 1 cm deep by 1.5 cm wide by 12 cm long and the other was 1 cm
deep by 2.5 cm wide by 12 cm long. Each of the detectors was set up so that
high energy protons were incident parallel to the length and could be stopped
within the detector volume. Preliminary experiments had been carried out
with the first detector. An asymmetric peak with a high amplitude low energy
tail was observed, an effect which could not be convincingly ascribed to a
particular cause. Since it was felt, however, that multiple scattering could
be a significant effect, the second detector was drifted, yielding a device
of somewhat larger volume.

Furthermore, experiments were carried out with 22 MeV protons at the
Oak Ridge Isochronous Cyclotron. A considerable amount of data was taken with
both detectors and each one showed essentially the same response. A typical
spectrum of 22 MeV protons scattered from a carbon target is shown in Fig. 5.
The elastic scattering peak is quite symmetric and no high amplitude tail is
observable. The effect observed at higher energies is therefore not caused
by trapping within the detector volume, poor charge collection near the edge
of the detector or a dead layer at the edge of the detector. If any of these
were the cause, the effect would also be observable at 22 MeV and would most
likely be worse.

As a result of these experiments, further work was performed using
160 MeV protons from the Harvard cyclotron. Both detectors were used and

both yielded identical response. At this point it was decided to check the



Figure 5.
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Spectrum of 22 MeV protons after scattering from a carbon target
as measured with one of the large volume lithium drifted silicon

detectors.
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alignment of the crystal. Changes in the horizontal alignment of the
crystal proved to have little effect. Neither changing the entrance angle
of the protons or moving the detector perpendicular to the beam altered the
response over a fairly broad range.

However, changes in the vertical alignment proved to be extremely
critical. The detector was tilted by 1° and the change in the response can
be seen in Fig. 6. The peak became much more asymmetric and the detector
was then raised and lowered 1/16" with respect to a 1/4" collimator confining
the beam. The result is shown in Fig. 7.

The conclusion of these experiments was quite clear. The asymmetric
peak and low energy tail is the result of small angle multiple scattering of
the incident protons within the detector as they lose energy. The primary
mechanism for energy loss is by production of ion pairs through Coulomb
collisions. Each of these collisions scatters the proton through a very small
angle. Statistically, most of the protons stay within the sensitive volume of
the detector and lose all of their energy. However, the total scattering angle
as a result of these collisions may be sufficiently large that a significant
fraction leave the detector before losing all of their energy. The observed
peak will then be asymmetric and reduced in amplitude relative to the back-
ground. The effect becomes more pronounced if the protons are not incident at
the exact center of the sensitive area and this is clearly shown in Fig.‘7°

The conclusion of this experiment is that it is not feasible to use
silicon detectors for detection of protons above 100 MeV in energy if good
resolution is needed. Germanium detectors are more useful for this work
since their length is somewhat shorter for detecting the same energy particle

and the effect of multiple scattering is reduced.



Figure 6.
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Two photographs showing the response of the silicon detector when
the vertical alignment is alfered. In the bottom photograph the
detector has been tilted by 1°, with a corresponding increase in
the asymmetry of the peak and of reduction in its amplitude

relative to the low energy background.
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Figure 7.
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Three photographs. showing the effect of adjusting the vertical
height of the silicon detector. The beam collimator is kept
fixed in position and the detector tilted as in Fig. 5 has been

raised 1/16" in the top photograph and lowered 1/16" in the

bottom photograph relative to the position in the middle photograph.






